Plasmid deoxyribonucleic acid (DNA) was tightly bound to cells Transformation of bacteria involves DNA binding to the cell surface followed by uptake across the wall-membrane complex into the cytoplasm. The binding and uptake processes have been most studied in Bacillus subtilis, Streptococcus pneumoniae, and Haemophilus influenzae, organisms which become naturally competent during growth (13) . In contrast, Escherichia coli cells can take up phage (4, 22) , chromosomal (7, 25) , or plasmid (6, 10) DNA, but only in the presence of high concentrations of CaCl2. The overall process is very inefficient, and at best only 1 to 2% of the cells surviving the CaCl2 treatment are transformed (15, 26) . Calcium ions promote DNA binding to the outer cell surface (19) , but only a small proportion (<1%) of this bound DNA can be converted to a DNase-resistant form in a subsequent uptake step. It min. The cells were washed three times by centrifugation in a Burkhard microfuge type 320 (14,000 x g for 1 min) with 20% (wt/vol) sucrose-0.15 M NaCl. The total [3H]DNA bound to the cells was measured by suspending the cells in distilled water, treating with 50 mM Tris buffer (pH 8.0) and 50 ug of lysozyme per ml and counting directly in aqueous Triton-toluene scintillant [300 ml Triton X-100, 100 ml distilled water, 600 ml of toluene containing 6 g of 2(4'-tert-butylphenyl) - 
[3H]DNA bound to cells in a DNase-resistant form was measured after the first wash by adding 20 plI of bovine pancreatic DNase I (Sigma Chemical Co.; 2 mg/ml in 10 mM MgCl2-0.2 M sodium acetate buffer, pH 5.0) and incubating at 00C for 5 min. After a further wash the cells were lysed, and radioactivity was assayed as described above.
Binding of 3H-labeled plasmid DNA to isolated membrane fractions. The method used to estimate DNA binding was based on that of Joenje et al. (12 (6, 7, 10) . The DNA responsible for the production of transformants only became resistant to DNase after the heat pulse (Fig. 1) . Between 80 and 100% of the DNA in a transformation mixture becomes cell associated (10 Fig. 2 .
The capacityto bindplasmidDNA in a DNaseresistant form was saturated by 2 jig of DNA per transformation mixture, and the slope of the line at nonsaturating DNA concentrations was approximately 1. A similar curve was obtained for transformants ( Fig. 2 and reference 10 The concentration of CaCl2 present in transformation mixtures had a considerable effect on the quantity of 3H-labeled NTP16 DNA bound to intact cells of E. coli. The amount of DNA bound in a DNase-resistant form showed a marked increase with increasing Ca2+ concentration up to a maximum at 100 mM and thereafter decreased dramatically (Fig. 3) . Total DNA binding was also dependent on Ca2+ concentration (there being none in the absence of divalent cations), but it was efficient over a much wider range of concentrations (20 to 100 mM) than was DNase-resistant binding (Fig. 3) . Total DNA binding and viability of cells were reduced significantly at concentrations of Ca2" above 100 mM.
Isolation of 'H-labeled NTP16 DNA attached to inner and outer membranes after transformation. Competent cells of E. coli K-12 C600 were transformed with [3H]DNA and washed to remove unbound DNA, and the inner and outer membranes were isolated by sucrose gradient centrifugation (17) . The bulk of the labeled DNA was attached to the outer membrane fraction with smaller amounts attached to inner membranes and as free DNA (Fig. 4) . Little radioactivity was associated with the membranes when the cells were treated with DNase before membrane isolation, but most of this (>90%) gave a defined peak banding with inner membranes. DNA did not band at the i . (17) . Pretreatment of outer membranes with trypsin drastically reduced the amount of 3H-labeled NTP16 DNA bound (Fig. 6a) . This reduction was not the result of gross disruption in membrane structure because trypsin treatment did not alter the buoyant density of the outer membranes (Fig. 6b) aThe binding assays were carried out as described in the text. Results are expressed relative to the values for calcium (=100%). b The numbers within parentheses refer to the relative efficiency of divalent cations in inducing competence of E. coli K-12 C600 for transformation (10) .
adsorbed to the outside of the cell at 00C in the presence of high concentrations of divalent cations. This is followed by a heat pulse during which the DNA becomes insensitive to DNase (6, 10, 19; this paper) and is presumably transported to a site within the peripluns or inside the inner membrane (or both). Finally, internalized DNA must be established either by forming a stable replicon itself or by recombining with a resident replicon. Experiments using plasmid, phage, or chromosomal DNA have demonstrated that much more DNA is bound to the outside of the cells than is actually taken up (10, 16, 19) . Furthermore, under the conditions employed in our experiments the capacity of E. coli to bind DNA tightly on the outside of cells does not become saturated (Fig. 2) . In contrast, the ability to intemalize DNA, as judged by the level of DNase-resistant binding, and the production of transformants both showed saturation (Fig. 2) . It is probable that a proportion of the DNase-resistant DNA is located in the periplasmic space. This might account for the slightly higher concentration of DNA required to saturate the DNase-resistant DNA binding transformation frequencies (10) also produced maximal DNase-resistant binding (Fig. 3) . This suggests that transport of DNA across the cell envelope, rather than extemal binding, is a limiting step in producing transfonnants.
When membranes were separated by the method of Osbom et al. (17) immediately after transformation the bulk of bound DNA was attached to the outer membrane fraction with a small amount bound to the inner membranes (Fig. 4) . This result is not surprising as DNA binding to the outside of the cell is considerably more efficient than uptake via the inner membrane into the cell. Treatment of intact heatpulsed cells with DNase before separation of the membranes removed most of the bound DNA, leaving only that which was attached to the inner membrane (see also reference 19). However, isolated inner membranes were capable of binding amounts of DNA equivalent to those bound by outer membranes. The DNA-binding capacity of inner membranes was saturated in the presence of 0.5 to 1 mM CaCl2, and the capacity of outer membranes was saturated in -the presence of 5 mM CaC12 (Fig. 5) . This contrasts with an optimum of 75 to 100 mM for both DNase-resistant DNA binding to intact cells and the production oftransformants. Whole cells of E. coli are known to maintain low intracellular Ca2+ levels by active extrusion of this cation (18, 21) . Thus, high external concentrations of Ca2+ might be required to maintain the relatively low Ca2' concentration necessary to promote DNA binding to the inner membranes of intact cells. Furthermore, high external calcium ion levels might promote transport of Ca2+-DNA complexes down a Ca2+ concentration gradient into the cytoplasm as suggested by Grinius (9) . Some DNA which is DNase resistant may be bound in the periplasmic space, but we have not investigated such binding in this study. The precise location of DNase-resistant DNA in transformed cells is under further study with DNA radioactively labeled to much higher specific activity.
Calcium or other divalent cations were absolutely essential for DNA binding to inner and outer membranes and whole cells. The following order of effectiveness was obtained: Ca2+ > Ba2+ > Sr2+ > Mg2+ ( Table 1 ). The relative efficiencies of these ions in promoting DNA binding are paralleled by their abilities to produce transformants (10) .
Very little plasmid DNA was bound to outer membranes treated with trypsin (Fig. 6) (26) and <1% can take up three (J. R. Saunders, unpublished observations) separate plasmid molecules. These findings taken together indicate that the transition from externally bound DNA molecule to established plasmid replicon occurs with low probability.
We conclude from the data presented that the interaction of externally added DNA with intact cells and isolated membranes is highly ion specific. However, even under optimal conditions very few cells in a population of E. coli are productively transformed. It must be emphasized that because such a small proportion of cells are transformed, the results of binding experiments with isolated membranes from the total cell population may not directly reflect steps in the transformation process. However, the parallels are intriguing. The reasons for the low transfornation efficiency and the mechanisms of transmembrane transport of DNA are under further study.
